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ABSTRACT 


Thermionic rmacegretved “Circuit CT Te) devices use a 
hybrid of vacuum tube and integrated circuit technology. The 
macegrated circuitry is fabricated on a sapphire (Al;0-;) 
substrate. A device was irradiated to attempt to establish 
a total dose (measured in rad $1) of radiation to cause the 
Wee agevice to malfunction. The TIC device was irradiated 
using 30 and 100 Mev electrons provided by the Naval 
Postgraduate School Linear Accelerator (LINAC). The device 
received a total dose of 1.8155x107 rad Si during the course 
of the Sy eee en continued ae) tamer ion mocma liv 
maa oughnout the im@magdiation = Study, so itwiseeoncluded that 
the device 1s not sensitive to radiations at least at the 


levels used. 
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ibe INTRODUCTION 


oe BACKGROUND 

The core et present day and facture weapons 
systems, satellite communications systems and operational 
space systems is the semiconductor integrated circuit. The 
low power requirements, miniaturization and speed of these 
devices have allowed the developement of ballistic missl2s 
and satellite systems. ies siaervreemimg “of solid state 


fevViees 1S their susceptibility to failure when operating in 


nuclear Ge space radiation environments. Many 
projects are currently underway to develop “hardening 
techniques" (hardening refers™ to making a device less 


susceptible to damage or upset from radiation) to increase 
Gemmell iability ef solid state Gireuitry in high radiation 
environments. 

The Thermionic IWtee@nateametrere (Tite device which is 
currently being developed and tested by OD. Lynn. oe ae 
Heeormic et al. at Los Alamos National Laboratory shows 
Great promise as a method of Rardening solid state circuits. 


TIC devices are constructed using a hybrid of vacuum tube 


Sleceermceqgrated circuit technology. Figure i-i shows the 
package of the TIC device. The glass vacuum tube suoports 
the necessary ieee rma! Gal FC Wintiew.c The ere device 





Figure 1-1. Structure of the 71G@ Teaecde 

A. Pin connections for internal circuitry 

B. Sapphire Substrate 

C. Glass vacuum bulb 

D. Bond Strap and SUppOorte Struc. 

The SS penine Substrates support the integrated 


Circuitry of the device. 


‘incorperates photolithographically delineated thin films on 
sapphire (Al~O3) substrates (Ref. 1]. 

TIC devices could be used in conjunction with solid 
state devices to increase the sSurvivablity of crucial 
systems operating in high radiation environments. Present 
projections call for TIC devices to reach the small to 
medium scale integration levels. 

Previous radiation studies conducted at Los Alamos 
National Laboratory using neutronss high energy photonss and 
protons demonstrated the ability of TIC devices to survive 
in high radiation environments. When the results of these 
studies were compared to present day semiconductor devices. 
the results showed JIC devices can survive orders of 
magnitude more radiation without damage. (eet. Ld. 

oC me wom incals Ee Mo ME radiatagm effects of 
high energy WeO-1lOO = Mev) electrons ona TIC device. The 


source of electrons is the Naval Postgraduate School Linear 


Accelerator CENA ) 2 The discussion will be limited to the 
radiation damage effects on a simple TIC triode device 
Ba ter interaction with the high energy electrons. Shee tron 
interactions with the individual components C222 os glass 
bulb, pins. cathode material etc.) of the device will not be 
discussed. Previous studies at Los Alamos have shown the 


individual component ipteraetien) -wWisth various radiation 
sources to have a negligible effect on device operation 


Baer. 1). 


B. ‘TICRDeVice 
Figure 1-1 shows the package of the TIC device and the 
internal structure. The internal structure is encased in a 


vacuum tube which is either entirely made of metal or a 


combination of glass and metal. Figures 1-e and 1-3 Simmer 
the fabricated integrated Circuitry on the sapphire 
substrate. The structure of a single TIC integrated 
Circuit for thisvtypical trigde is Shewnein figqgugem ace The 


Qrids cathode and annode nomenclature is simular to that of 
a normal triode tube. Before inputting a signal the device 
heaters must raise the temperature of the substrate tes 
between 973 and 1173 K. 

Proposed uses of TIC devices are logic circuit Sie 
CORN J4UCTION Wat peso 1G State Be tmcu ita, ate, ensure the 
Survivability or “amy serves systems operating in faeein 


radiation environments [CRef. 1]. 


Oy: RADIATION TYPES AND SQURCES 

A TIC device used as a part of a logic Gircuit Gcoulaae 
exposed to various sources of radiation. Different sources 
SPreduce dirtferm: types of radiation and each tvpe of 
radiation damages the material with which it interacts ina 
different mannner. 

Four high radiation environments ine Ciel @ hae logis 
Circuits may someday operate are: nuclear weapons radiation. 


nuclear reactor monitoring devices. cosmic radiation and the 
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Figure 1-2. The fabricated integrated circuitry 
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Figure 1-3. Grid (G), Cathode (K), and Anode (A) 


structure of the TIC device 


Van Allen radiation Belt. All of these radiations sources 
are potentially lethal to present solid state circuitry. 

The energy spectrum of a nuclear weapon produces 
several forms of radiation. The typical energy partition of 
the output of a Weapon 15: S0-804% “re, pr eeuc rant 1O226r, 
kinetic energy of fisson fragments and debris (including 
10ns and electrons); 1% into neutrons and O.5% into aqamma 
ray reduction senha tare... 

Nuclear reactors produce neutrons, X-rayss and qammea 
rays. Reactor shielding 1s designed to prevent radiation 
from escaping outside of the containment vessel. In the 
event of a loss of cooling accident monitoring devices 
inside the containment vessel must be able to withstand a 
total dose of up to 1.36x107 rad (air?) aver a 30 day “see 
iets ders This high radiation environment requires some 
hardening technique to ensure full operation of the solve 
state monitoring devices. 

In the space environments high energy cosmic rays are 
the source of radiation. These charged particles (protons 
and electrons) Rave kinetic energies ranging from a few Mev 
GOs (CO sexy. The Van Allen Belt is a region of charged 
particles trapped by the earths magnetic fRew Ge Space 
systems operating in this region must withstand constanm. 
bombardment of charged particles in the Mev range. 

The damage to material by neutrons; X-rays, high 


eneray electronss gamma rays or protons depends upon 


ores 


several factors. The fluence (energy/cm4.) and the 


Flux (energy/cm?-. sec.) are functions of distance from the 
source of the radiation. The energy deposited in the 
material (measured in rads) is a function of the flux and 
the stopping power of the material. tnememcory portion of 


this thesis deals in much greater depth with the meanings 


and calculations of the above mentioned terms. 


| 


I ale ROY 


A. TIC BEVIGE GPEReITan 
The TIC device used in this experiment 1S shown in 
Figure? ai Pigure. aaa shows an individual integrated 


Circuit of a TIC device CRef. I]. the grid (G&G) snd eave 


Se) are shown on the lower sapphire substrate. The anode 
(Ad 1S on the upper sapphire substrate. To activate the 
device the substrate is heated to approximately 1023 kK. The 


cathode emits electrons; the anode collects the electrons 
and the qrid provides the gain by modulating the electron 
flow. The inputs to the substrate heater, cathode; and qrid 
as well as the output from the anode are provided via the 
pins at the bottom of the vacuum tube (see Figure 1-1). The 
v-1 charecteristics of this vacuum triode prior te radteareen 
are shown in Figure e-3. 

A TIC device has operating characteristics that are very 
Similar aa) those of a conventionel vacuum triode. When a 
TIC device 1s used as an integrated circuit it can iee 
affected by parasitic electrostatic mnteractions. These 
interactions can modify the expected device current CRef. 
eae Figure e-4 1llustrates the type of undesirable 
electrostatic interactions that Gan Mmodit ¥ the expected 
device Current. Extraneous Currents can be produced by 


resistive leakage from element to element. Spurious 


io 





Figure 2-1. TIC device as used in the irradiation 


experiments. 


iS 





Figure 2-2. Electron flow for a vertical gain device. 
A. Deposited anode 

G. ~ Thin mevatweeer 1c 

K. Coated cathode 

The seperation between the grid and the cathode is 7.5 
microns. The seperation between substrates is lmm. 


The width of the grids and the cathode is 25 microns. 
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Pagure 2-3. Photographs ot the TiC device charac- 
meristilcsS prior to lbrradiataion. The device out- 
bum was Gelmnectea to a Pexeronix8o76 curve tracer. 
The upper photograph was taken after two hours of 


Warm-up time. The lower photograph was after eight 


hours of warm-up. 


emissions from elements not designed to emit, such as grids; 
anodes and sheilds, can also affect device operation and 
performance. 

For proper operation the Gm lamesureqe Structure (Gh 
of 2a particular device should not have its electric field 
at the surface appreciably altered by potentials applied to 
a neighbor ingleytea cathode stmievieo Gee emor 2 Nneignhbomma: 
shield anode (SA) (see Figure @e-5). Electrons are confined 
to the proper cathode anode path by the use of proper shield 
potential tRet 2a 

A problem with the TIC device used in this thesis study 
was the slow poisoning of the cathode. The cathode 


poisoning is caused by argon gas used during the manufacture 


of the integrated circuits on the sapphire substrate (see 
section | oie Triode Fabrication for further details). The 
electron emission ie elena the cathode ane a TG device 


manufactured using the sputter etch process will steadily 


decrease and finally stop due to cathode poisoning CRef. 4]. 


B.. HIGH ENERGY ELECTRON INTERES elite 
Hiqh energy electrons interacting iis te tal material cause 


eBxcitation and Lomi a tc Lom Gar las atoms in the Meter wae 


Sapphire (Al ~O-) 16 a crystalline material, therefore. the 
atoms are arranged in a regular, repetitive. Gridlike 
pattern known as a Lie Cepia Excitation occurs when the 


electrons of the lattice atoms absorb sufficient quantities 


te 
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Figure 2-4. Undesireable Electrostatic Interactions 
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Figure 2-5. Sheild anode and grid cathode structure 
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of energy to be excited to a higher energy state but, remain 
bound co the parent atoms. If an electron absorbs 
sufficient energy to be completely removed from the parent 
atoms lonization has taken place. Tonization produces 
positive ions and free or unbound electrons. [onization and 
excitation of lattice atoms may cause the atoms to give off 
photons. 

An atom may give off a characteristic X-ray CpivGageur 
when one of its electrons has been removed (1.e. the atom 
has been ionized). X-rays will be emitted if a lower eneray 
electron fills the empty energy state left due to 
LOniz2eat Lowe The eneray of the X-ray given off equals the 
difference in energy of the electrons involved in the 


transition 


h D =E.,—E;>» Ges) 


An excited atom emits an X-ray when it transitions from 
an excited state to the normal ground state. Again, the 
energy of this transitiom 15 GivVenley eeagtae (tome. 

High eneray electrons lose energy as they pass Chr een 
material aie: oo the emission of bremsstrahlung 4-ravs. 
Emission of bremsstrahlung is caused by the electric field 
‘eg the atomic nucleus and the atomic electrons interacting 
with the high eneray electrons bombarding the mater baum 


Bremsstrahlung 1s a smooth X-ray Spectrum predcuced yo.) a] 


electrons as they- pass through material. As the electron 


slows down it gives up energy through radiation. 


fain mice action in Meter ial 
Photons (Gamma rays; X~rays and Bremsstrahlung X- 


rays) are slowed or stopped in material by three types of 
interactions; photoelectric collisions, compton effect and 
Beir production. Requardless of the manner Ale well vela the 
photons are produced taney St eee Tact With the Teattice 
atoms of the material in one of the aforementioned manners. 
Smee ae photon is formed teas Inet er action process With a 
Meeecice atom is chiefly a fumction of the energy of the 
Bing ton. 

When the incident photon energy 1s less than 590 Fev, 
the most probable pine vow tiaveract ion process is 
Seeroelectric collision. The probability of a photoelectric 
collision decreases with increasing photon eneray. ig 
Photoelectric collisions the incident photon is completely 
absorbed by an atom and an electron 185 removed from one of 
the shells of the lattice atom. The free electron will 


have an energy €&,.. given: 


a. =f —Be (2 aae 
Pienee tieats tine binding energy wef the electron. The removal 
@f an lnner electron (1.e. an electron not in the outer 
Seely wa ll result in the emission, of. an Yr ay Reais ae 


an 


When @ “vacancy in one of the inner shells of an atom 156 
filled by an electron from a higher energy state, a 
charecteristic X-ray 15 emitted. The energy of the X-ray 15 
equal to the difference in the binding energy of the two 
electron states. 

Auger electrons can also be produced by this effect 
but they will be ignored in this study due to their low 
energy. 

In Compton collisions,s the imceident onotoenm _s tas 
an electron of a lattice atom but 15 not completely absorbed 
by the electron. The photon 1S Scattered at a reduced 
energy by the coisiwcwen. Part of the incident energy Giese 
photon 1S absorbed by the electron and part of it is 
scattered as a lower energy photon. Compton scattering is 


most probable when the incident photon has an energy 


between .Sl-l7e Mev. THis energy 15 much greater than the 
binding energy of the atomic electrons: therefore the 
binding energy 1S not considered in the compton model C Rene 
elie 


The maximum eneraqy transferred to the electron is 2 
function of the energy of tne Inreident preven oaeeune anale 
which int strikes the electron. The overall probability of 
Compton collisiem is prepertieonal = to etnere (atomic number) 
of the material and inversely proportional to the energy of 


the incident photon. The incident Ysnecvons "wilt cause the 


electrons to De 10n1iZze0 end torwWweare sear ve —a. When a laraqe 


ee 


number of compton collisions take place in amaterial, a net 
flux of electrons is produced in the material. These free 
electrons are called Compton electrons and constitute what 
is known as a Compton current CRef. 7]. 

When the incident photons Nave an energy qreater 
than 1.02 Mev pair production interaction becomes important. 
If the incident photon is completely absorbed by the lattice 
atom and a positron-electron pair equal in energy to the 
Emeray Of the incident photon is formed; pair production has 
taken place. The positron-electron pair behave as free 
electrons from an ionized atom. 


The high energy electrons bombarding any material 


will Peoatlece — pe tOns . The photons Wiirvetae c ine ‘ee. the 
material cause energy to be deposited. The energy deposited 
in the material 1s measured in rads (100 ergs/gqm = 1 fag? . 


The deposition of energy in material causes damage to tne 
meacerial svgiay Se liieiein= Lie = norma! Gharacterirstres of the 
material. Mercer trals Geine | =i in Chie aieg lity PoOmeagso, b 


energy and maintain their normal behavior. 


oF Sea eee RODUGC TION AOE Se REN ela FPAlRS 

The high energy electrons produced by the LINAC are 
focused iim oO so tight beam of approximately one square 
centimeter when the beam strikes the TIC device. The beam 
1s foctised on the sapphire substrate inside the alass vactiim 


tube of the device. 


The sapphire substrate and the metals on the substrate 
are highly ordered materials. The atoms in highly ordered 
materials form a orderly lattice structure. When one of the 
high energy electrons passes sufficiently close to the 
nucleus in the lattice it will penetrate the electron cloud 
Surrounding the nucleus. Penetration of the electron cloud 
will cause the high energy electron to experience a 
deflection from the elctric field of the nucleus. 

The magnitude of the screened electric field the 
bombarding electron will encounter is dependent upon the 
closest approach made with the nucleus of the atom in the 
lattice site. The interaction between the bombardina 
electron and the nucleus is known as coulomb scattering. 

Coulomb scattering will cause the electron to transfer 
some of its energy to the atom of the lattige- site The 
bombarding electron can transfer a sufficient amount of 
energy to displace the nucleus of the atom in the latt ieee 
When the nucleus of the displaced lattice atom moves from 
its normal lattice position; it may move avenh a new 
nonequilibrium position known as an interstitial position. 
The maximum amount of energy which can be transferred Dy an 
electron to the lattice atom 1s given by CRef. 61: 

Tagore CE ye mei ae Smet 
Me 2 
where, 


M = mass of the lattice atom 


24 


iae-oMnassear am eleetCrom in units of mc 
E = bombarding electron energy 
c = speed of light 


mc?2= rest mass energy (¢.511Mev) 


Due to the long range interactions obtained with 
coulomb collisions, the average energy transferred to the 


lattice atoms is consideribly less than this maximum value 


meet. 3). The average amount of energy transferred is given 
iy S 
SO es mle rites, ate, 
Eu 
wheres 
T = average eneray transferred 


Fey = threshold eneraqy to cause displacement in 
sapphire (50 ev for Al or 90 ev for Q) 
i= the mMerimum energy transfer possible 


ie a ea 


Q 
iT 


eteomiec number 


NJ 
iI 


leet the elastic collision between the hiqh energy 
electron bombarding the lattice atom transfers a certain 
threshold eneray>, £€., (S50 ev far Al and 90 ev ror Q) the 


— 


lattice atom will be displaced and moved to an Pater SstLr ta. 


Bostt1ion LRef. 9]. If the energy transferred to the lattice 
atom is below €E.,, the lattice atom will not be displaced. 
The displaced atom will leave behind a» Vataenecy rao the 


eS 


lattice. The resulting vacany-interstitial pair is known aes 
a frenkel defect. The process of the initial bombarding 
electron colliding with the lattice atom is known as the 
Ae uMary Coles tem. The target atom of the lattice is called 
(Ne SG ilnNdwyeepoe kom. 

The number of frenkel pairs py oalece per GUB Te 
centimeter can be computed as shown by Cahn CRef. 10]. 
Howevers in computing the number of frenkel defects with 
this model numerous assumptions have been made. The 
assumptions are: 

iy) Step junction threshold energy 1S assumed (1.¢€.5; 
if —€ is greater than E—., there is displacement, 
if £€ is less than E.w¥no displacement). 

e ) Atom-atom collions are treated as hard sphere 
Goduiaise omc 

S The ordered arrangement of the atoms in the 


lattice structure 1S not considered. 


4) Damage 1S considered homogeneous. 
ae, Annealing 1S not considered. 
S) Glancing collisions are not considered even 


thouqhn an energy loss may be incurred. 


a, Lattice atoms are considered at rest. 


8) Long range effects from other atoms are not 
considered. 


So The number of replacements per primary are not 


2s 


considered. The moving atom will replace the 
struck atom if the latter recieved energy 
greater than Eu and the former retains energy 


less than Eq. 


10) There 1S no accounting for ionization losses. 
CSongmetef lou USeca sthestollowing formula to 
compute the number of frenkel pairs produced 
bombarding electrons: 

Ne= Bae Ne. (2.5) 
wheres 
@..= electron fluence (electrons/cm”) 
Mmi=cote! cross-section Gdue to primary and secondarv 


where 


(I 


displacements. 


number 


da 1s 


TH=T Zee Z 
mc 2 


where 3 


Si aloage ices atomouperweuUbic centimeter . 


Tea =TpH CT) (2.6) 


Gpven oy enetsas 1 Osage: ts : 


l : Pie! VAG eet eit \ 1) ~lnlw) fie. 7 
(3 2[7 2 =a aie? =e ) ee 


speed of bombarding electron 


speed af light 


iC Let) 


E/mce2 


ey 


H(t)= BTA (2.8) 


ae 
B= .53 (Kinchin and Pease constant) 
A= GM, Mex CERF) 
(M1 +Me ) 2 


N= (Ss) Cnumber of atoms/moleculel] (2.190) 
oe 
wheres 
N= number of cattice atoms per cm” 
= 3.97 gm/cm? (density of Alw#Q:) 
A= B82 gm/mole (atomic weight) 
N.= AvVaeaqocro = mumber “oe. Ceo e: 2 
Ta has included the effects of energy dependence and 
energy loss through 101 2een-o pe As will be seen there is a 
strong dependence upon the stopping power of the material in 
computing the cross-section. Using equations 2@.3-2.10 Few 
above and the properties for sapphire the following 
predictions are made for the number of frenkel pairs. 
Mire 1s the number oF frenkel pairs produced per 
bombarding electron. This model predicts 1.0169 Trentes 


Pairs per bombarding electron wheres de is the electran 


fluence (electrons/cm?). 


Theoretical predictions for the number of frenkel 
Bei S: sai ak exceed the actual Values trem observed 
experiments fio h + cop ie The equations predict a value of 


four defects per cubic centimeter when bombarding gallium 


eo 


arsenide and germanium with IMev electrons (assuming N..= 
sano = cm?) . The experimental values for silicon were 
observed to be 0.26 per cm” by Wertheim CRef. 6]. Ackerman 
and Graft report a value of 0.5 per cubic centimeter “for 
gallium arsenide using 1 Mev electrons. Using ime? Mev 
electrons Cleveleand and Pacieses report values beteen 0.1 
and 0.4% defects per cm? in gallium arsenide. 

Not all of the frenekel defects produced by the 
electron bombardment are stable. At temperatures above 373 & 
the vacancies and imtperstiteals@are mobilewain the crystal 
Smeaunmite with each other. Due to the "ieee woper ating 
memperatitre of ST1C devices (973-lie3s K) anly the snermanent 
frenkel defects will remain. 

SamGe tne theory predicts 'eo169 frenkel defects per 
bombarding electron, it must be assumed that the total 
number of defects actually produced in the material 1S much 
Jess. 


Line precmeti Ome, of frenkel defects alters the actual 


crystalline structure of the sapphire substrate. The damage 
ZTaused to the sapphire alters the crvystal’s normal physical 
properties. Alteration of these properties could alter ie 


mertormance of the TIC device. 


ee Sop NG sPOWER 
To get a measure oft the amount of energy deposited by 


the electrons as they move through material we use the term 


au. 


Stopping) seowen Stopping power is the amount of energy 
lost per unit length of path theougmh the stopping Matenwva 
Re fale ee 

For electrons eae is customary to separate the total 
stopping power into two componants CRef. oe: (a) The 
collision stopping power is the average energy loss per unit 
path length due to inelastic coulomb collisions With “Seema 
atomic electrons of the medium resulting in l1on1zation and 
exeGitat lem. (Db) The radiative stopping power is the 
averaqe energy less per Wlataye path length due Wie 
bremsstrahlung (radiation loss) in the electric field of the 
atomic nucleus and of the atomic electrons. 

Stopping power 1S separated into two componants because 
the methods used for the evaluation of the two componants 
are quite different. The energy going into the i10nil Za canes 
and excitation of lattice atoms 1s absorbed in the material 
Gilose |) 260 the track of the bombarding electron. The eneray 
lost by the bombarding electrons due to bremsstrahlung 
travels far from the electron track before being absorbed. 
In "thin sample" (the sapphire substrate 1s considered = 
thin sample) the energy lost due to bremsstrahlung 1s not 


deposited 1n the material. 


Radiative and collision stopping power bath S]low 
electrons. The energy due to radiative stopping power 15s 
deposited far from the electron track. CollrsieRm stopping 


power 1s the mechanisum which creates 10nization and causes 
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energy to be deposited in the material. Catliision- stepping 
power 1s the mechanisum responsible for energy deposition in 
the TIC device used for this thesis. The total amount of 
energy deposited in the material (measured ive Rages > 1)) 
required to affect the TIC devices perfomance will be the 


focus of this thesis. 


The formulas Tove stopping power used ae tikes 
section come from Beth’s theory and refinements to that 
EmMeOry. The electron mass collision stopping power 1S QqQiven 


by the formula developed by Rohrlich, Carlson and Ueling 


CRef. i3j: 


Lace ee mNieenne 22) ln T\2+In L+r\+F(1)-S (aa) 
C dx B20 I 2 


wheres, 


TU 


eae. 


F(t) = (1-42) i _. ( 
8 


the quantitys 


ish oo ae ‘S) SCT rs Kee ee 
I e 


1s the stopping power per atomic electron CRef. Ie]. 


vai 
lit 


Avagodro’s number (6.023x10*"*) 


NM 


atomic number of the target atoms 
I = mean excitation energy 
mc*= electron rest energy 


®@ = velocity of high speed electron/speed of liaqht 


=! 


tT = T/me2 kinetic energy of incident electron per rest 
mass. 

re = classical rest energy 

A = atomic weight of the target atoms 


The collision stopping power for electrons in AlwOQ+ 15 
1.75 Mev cm*/gqm for 30 Mev electrons and Lge Sool Mev cm *=/qm 
for 100 Mev elecetwonms ERera 7 4- 


The mass radiative stopping power can be expressed as 





CRef. lel: 
fal) = = Nor..?226,,/ 1 + de (ee La 
C dX A Loe 

where s 


N 


Avagodro’s number (6.023x10”) 


va atomic number of the target atoms 


r.. = classical eleetrom radius 
ao = fine structurmre constant (2/137) 
E = T + mce* total energy of the electron 
@,, = scaled radiative energy cross-section for 
electron-nucleus interaction 
$e = scaled radiative energy-loss cross-section for 
electron-electron interaction 
f& = atomic weight of the target atoms 
The mass radiative stopping power depends imp | 1 Gate 
1ipon the bremsstrahlung cross-section. The bremsstrahlung 


cross-section is the probability of the emission of a shou 


due to interaction of the electron with the screened coulomb 


ge 


fmrela of ithe atomic nucleus, and the corresponding 
Peempasility of the emission of a photon due to interaction 
mich One of the atomic electrons [Ref ie]. 

The range of an electron 1s the average length 


of path the electron travels until it is stopped by the 


medium due to energy loss (CRef. ole, The electron 15 
assumed to lose energy continuiously along its path. Range 
1S Given in term of (qm/cm2). When the range is divided by 


the density; the average distance an electron will travel in 
the medium can be computed. 

Dose 1s the total eneray deposited in the material by 
rim] interacting radiation. Dose 1S measured in rads and 
must be specified for the material. The front surface dose 
(for a thin sample) is expressed by fe fol Toes formu! Ss 
Meer. ls |: 

eer O x Ore here de Seoguania et lal ) Caan eae 
P dx 

Fhe dimensions of the substrate constitute a thin samole 

and therefore equation @.153 will be used to compute the dose 


measured in rads Si. 


Tit. EACPER Pea 


A. DEVICE FABRICATION 

PaGuines Ys shows 3 (108 triode package. The 
sapphire substrates are 2 cm (approx .75 in) in diameter and 
BO (lacie The integrated circuits are manufactured oan 
the Substrate using photolithoG@raphic and fébwicaeran 
techniques developed for the manufacture Guy typical 
inteqrated circuits. Figure 3-2 shows the grid and cathode 
Circuitry on the sapphire substrate. Figure 3-3 shows the 
anode circuitry on the sapphire substrate. 

The ‘G€iPreuit Ysoade of Mamedov ice iS made up by layina 
down thin films of metal on the sapphire substrate. Fi Gites 
3-4 shows the procedure used in laying dawn the tungsten: 
molybdenum and titenium of the Samtegqa sed weatnweu ie The 
Pattern Of Thee eeu is defined using a plasma etch 
procedure. The titanium and molybdenum are removed from the 
cathode using a sputter etch technique in argon qeas. The 
final process of delineating the circuit is accomplished by 
adding a photoresist-cathode coating. The coating iS 7a 
combination of standard vacuum tube barium-stronium-calcium 
carbonate powder and negative photoresist. The anode is 
layed dawn in a similar manner. 

4 heater element 15 laved down on the reverse sides oft 


both substrates to ensure a Lin 1 ee a temperature CF Leta 
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Figure 3-l. Triode package used for the irradiation 


studies. 
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THIN FIIM DEPOSITION 





ee REMOVED FROM CATHODE BY 
SPUTTER ETCH 








Figure 3-4. Fabrication procedure 
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S-)). The heater is required for proper device operation. 
The heater power requirement for the TIC is 15 watts per .75 
in. diameter substrate pair when heated to 10e3 K. 

Figure (ea a shows a representation aT one 
Mmaceqrated circu. The typical TIC triode 1s made with 
seven 1.5 mil-wide cathode stripes per devices with 1.0 mil- 
wide grid strips between cathodes. 

The current assembly technique for the substrates uses 
three 40 X 30 mil platinum straps bonded to each substrate 
at 120 degree intervals. The substrates are aligned with 
respect to each other by viewing the “cross and tee" 
alignment keys shown on the circuit patterns (Figure 3-6 ). 
The heater windows permit viewing the alignment keys (Figure 
S=D ae Nickel shims welded to the straps govern the 
substrate seperation. 

The TIC device 1S pumped for 72 hours VOumon laa rhe 
proper vacuum inside the tube. This 18S followed By a are- 
activation bakeout at 673 K for 15 hours. The substrates 
are heated to 1123 K to complete the activation process. 

The lifetime of TIC devices manufactured using the 
sputter etch technique 1s decreased due to the argon qeas. 
The argon molecules attach themselves to the sapphire 
substrate. When the device 1S activated the argon atoms 
detach themselves from the substrate, become ionized and 


Slowly poison the cathode. The process of poisoning the 


ey: 





Figure 3-5. Heater element of the TIC device 
The diamond Shaped holes are for viewing the 
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Pagiire 3-6. 
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cathode eventually causes the cathode to cease emitting 
electrons [Ref. 4]. 

A change in the etching technique will eliminate the 
problem of cathode poisoning. A chemical etch process 15 
currently being developed at Los Alamos National Laboratory 
to replace the sputter etch technique using argon gas. The 
change in the etching process will eliminate the tendency 


for TIC devices to self-destruct. 


Bs NPS LINAC 

The Naval Postgraduate School Linear Accelerator (LINAC) 
iS aA disk-loaded circular waveguide; Chitteuy feet lona 
consisting of three ten-foot sections. Each ten=T Ger 
subsection 1S powered by a klystron amplifier used CG 
accelerate electrons from 15 -100 Mev. The LINAC operates 
at 60 pulses per second with a microsecond pulse duration. 


The relativistic electrons are focused on a target using 


deflection and focusing magnets. A target can be placed 
either inside the target chamber (held at a vacuum of about 
one torr) or just outside the the target chamber. When the 


target 1s placed outside the target chamber it is placed 
against the target chamber window (the target chamber window 
1S a thin aluminum plate). 

The electron fluence (electrons/cm?) is measured using a 
Secondary Emission Monitor (SEM) located inside the targez 


chamber. The electrons which impact the SEM charge vie 
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Capacitor. The voltage developed across the capacitor 1S 
measured by a voltage integrator. The voltage charge 


relationship 1s given using the following equation: 


OQ. = ey ee ie ae 
wheres 
O.. saeeune cCherge on the Gapacator of the SEM 
C =9)the capacitance 


V = the accumulated voltage 


The total number of electrons that have passed through 


wine oe 1S COomouted using the following equation: 


N = Qu/q (Sic ) 
wheres 
N = the total number of electrons 
Qu = the beam charge 
q = electron charge 


Previous radiation studies using the NPS LINAC have 
Calibrated the large external SEM with the use of a faraday 
cup CRef 14]. 

Studies of the NPS LINAC have shown the larqge outside 
SEM to be 6% efficient in collecting electrons when compared 
co the faraday cup. The faraday cup has since been removed 
and the large SEM is the standard. The small internal Se 
used for the calculations in this thesis has been calibrated 


against the large SEM. The small SEM is 2.64 efficient ia) 
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collecting electrons; seo that OF = 20ce "GO. 80s1 nee ce 
information and equation 3.2 the total number of electrons 


is given vy; 
N = EV7 7eeoq (Seo 


The fluence (@) 1s computed by dividing both sides of 
equation § 322 by the area of the beam (for further 
explaination see section [V. Data and Results ): 

@ = CV/.026Aq . Cae 
$= the fluence used in this thesis computed using 


equation 3.4. 


Be. EXPER IMENTAGSEEGEERORE 
ee Pre-irradiation Measurements 

The TIC triode was placed on the test stand as 
Hictured in Fieuepes Sa7 ene ee aoa It was activated to the 
normal operating parameters by heating the substrates to 
lOeSs K wus ing: feelrenps: . The: enpe cere of the substrate 
was measured using an optical pyrometer. The TIC device was 
allowed an 8 Hour warm-up period before recording the v-i 
Chidhae teri st res (hereafter referred to as the baseilne 
characteristics). The cathode; anode and grid of the device 
were used as inputs. (er a textronix 376 curve trace 
Figures .ss33=5 Jreand = 20 show the pre-irradiation Ved 


Charecteristics of this TIC dev ree. This device exhibits 


dy dy 


settles? Os 





Figure 3-7 .eiiewdev1Ce one cumvemtracer stand 





Figure 3-8. TIC device on test stand and banana 


plugs used to connect the device to curve tracer 
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Figure 3-10. Pre-irradiation v-1 cnaracteristics 


Figures 3-9 and 3-10 are known as the baseline 


characteristics. 


the typical exponential curve expected from a vacuum triode 
(Rete G1. 
Sao er adiation Procedure 
The TIC triode was placed on the test fixture as 


Snommetm Figure S-1li during the irradiation portion of the 


experiment. The stand and device were placed inside the 
target room just outside the target chamber as close as 
possible to the target chamber window. The device was 


activated to the normal operating parameter of 10ce3 K. 

A target made of phospherous on an aluminum screen 
was set upon the stand (see Figure 3-le ). The target area 
was of equal height to the substrate disks of the TIC. The 
electron beam of the LINAC was focused and aliqned on the 
phaspherous tarqet. The electron beam appears asc a very 
bright area on the phosperous target. 

The alignment and focusing of the beam on the target 
was monitored through a video camera. The camera located in 
the target room relayed the video of the beam on the target 
tO thegecmer oc | -oom Using the focusing and aliqnmen 
magnets the electron beam 1s) 6 centerd on the tarqet and 
adjusted until the beam area is one square centimeter. 

A Cilrelte (5 Oram @m tne Yiceo menitvoer enclosing the 
beam as 1t appears on the phospherous target. The beam is 
then shut off and the TIC device is aligned = so the one 


Square centimeter area of the beam will be centered on the 


SubStrate disks of the TIC device. The test stand and i ® 
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Figure 3-12. Target used to focus electron beam 
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device (see Figure 3-?1) placed as close to the target 
chamber window as possible (approximately 3 mm from the 
window). 

Stitt@eme SoeGeagie tos “vine Glmeulit used for the triode 
radiation tests. The SO volt power supply provides 30 volts 
across the cathode and anode. The 30 volts was also used as 
mie tmoput to am oscilloscope after passing through a 250 K 2” 
resistor. Irradiation of the TIC triode commenced after the 
Circuit was activated. 

or, Test Procedure 

The procedure “for the radiation test was as 

follows: 


a. Place the device on the test stand as in Figure 
3-11 and heat 1t to normal operating parameters. 


b. Irradiate the TIC device using the desired 
electron beam energy of 30 or 100 Mev for a 
specified amount of time. 


ey, MGmLeGr time ItraGdlation of the device by 
viewing and photographing the signal received by 
the oscilloscope from the TIC triode. 


ake After irradiating the device for a specified 
period of time the electron beam is secured. 
The device is allowed to cool to ambient 
temperature. 


e. The device 1s placed on the test stand as in 
Pleowres 3-7 anad@s—-6.- Tie weest trradiation v-1 
charecteristics from the curve tracer are 
OhHotographed and compared with the baseline 
SEanraGteristies. 

Steps a-e@ were repeated five times. The first 


Mee aetaticmsonm cine Gevice used SO Mev electrons: whiie Ole 


Mev electrons were used for the next four experimental runs. 
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Figure 3-13. Representation of the wiring circuit 


=) 8) 


The length of time the device was exposed to irradiation was 


increased during each subsequent experimental run. 


ce problem with ick © volt ac . noise was 
discovered after the second experimental run (Og fur ther 
information see discusion of data and results). To assist 
in identifing actual changes ioe the operating 


charecteristics of the device; a square wave generator was 


used. The input and output of the square wave through the 
{Te device was observed and Photographed via the 
oscilloscope. The square wave generator was used before and 
after Pease tation during the third, forth Gaie £1 th 


experimental runs. 


=) 


IV. DATA AND RESULTS 


A. BASELINE DATA 
Figures 3-9 and 3-10 are photegqraphs Of Gye tes ae at 

charecteristics of the TIC device prior to irr ad 1 a taeme 
All post-irradiation v-i charecteristics will be compared 
with these baseline photographs to access changes in 
perfromance charecteristics. The drop ta electron 
emission by the cathode will be monitored by watching the 
decrease in the height of the emission lines (measured up 
the vertical axis). A decrease in the height of the 
emission lines 18S expected as the argon poisons the cethode. 
A decrease in emission is not an indication of ra@iea vee 


damages buts, a consequence of manufacturing technique. 


je IRRADIATION 


Dar tag irradiation of the TIC device charge builds up 


and dissipates in the device. Figures 4-1 and 4-c are 
typical of the charge build up and dissipation. All 
experimental runs showed this behavior and ae 1S more 


Prominent when using 100 Mev electrons. 


The First experimentsl alte was completed 
using 30 Mev elctrons for a6 Minttes. The four Succeeding 
runs were completed using 100 Mev electrons. Table 4-1 
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Figure 4-1. Charge build-up 
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Figure 4-2. ear ge.bui ld—up 


below gives the time of irradiation for each experimental 


run. 


TABLE 4-1 EXPERIMENTAL RUN AND TIME OF IRRADIATION 


Experimental Run lipemia On I[rradiatiag 
Two Piieemeer min. 

Three [iit Mim. 

role Cimeeas Mil. 

Five Sacer. M1mM. 


om DOSE COMPUTAtsEeh 


Equation 4.1 gives the fluence when the 
capacatance (CC), voltage (V); area (A); and the charge (q) 
are known. The costant .02€6 is due to the internal SEMieaeee 


during all of the experimental runs. 
6 = CV/.026q0A Co aie 


One rad(R) is equal to 100 ergs/gm energy deposited in the 
material. One rad Al,}0O, 165 not the same as one rad 935i Die 
a conversion factor can be used to equate the two materials 
CRef. 14] . The number of rads (R,,) in Al~O», 1s) computed 
USInNg equation 4.e: 


Rite, Leoo home ine LaGié US 2a) 
O dX 


where R,, 1s in rads Al;OQ., 
This 16S a2 variation of Rudi’s equation for dose CRef. 


eee ee els is the stopping power. lt 15 a function’ et wea 
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material and the eneray of the bombarding electrons. The 
value of Tims eae ci om is eS Mev cm2/qm ane 
Semmey elctrons and 1.851 Mev cm4/gqm for 
100 Mev electrons. 

For the first experimental run the following values 
were used: 


eel xX 10. s 


q ieee amor 6) Cou ly: 


V 


bie Veiles 


Beeao 1S the efficiency factor fer the internal SEM 





A = 1 cm? 
1 dE | = 1.75 Mev cm4/gm 
€ dX 
Se=ne noo) 4 Oe Cfelectrons/cmé?é J Cf ee 
Pees> |[eooex © @ © 22764 % 103" * 1.75 Lrad AlseG-=])] (4.4) 
R,. _ Ge ENS X FO] Crad Ale. or) ) 


To compute dose in terms of Crad $1] the the Stomping 
pNOwer oof silicon is)6) 6ocdivided by the stopping power of 
sapphire. This conversion factor 15 multiplied by the dose 


ria Ale Os. 


oO 77 Sai sce ein Crag Sij (4.6) 


Rea Osa. 37 X 10" (4.7) 


a2) 


R= 7.696 X -1073beoeS1 eee) 


The dose for the other four runs was computed using the 
same equations. When the bombarding electrons have an 


energy of 100 Mev: 


ei 
Mm 
it 


Pn = pene Mev cm2/qm (AlwO8) (4.9) 





le7tse Mev tem27 gma. (4.10) 


| a 
Mm 
O10 

le. 

II 


1.034 is the factor to convert dose (R,,) in reads Mila. 
to dose (R) in rads Si. 


During the last four experimental runs: 


qQ = 12602 .% Go] ecu. 
A = 1 cme 
Ga. ero. 27a 


.026 due to the itnlermal se 
Table 4-e€ below give the summation of the results of 


experimental runs two through five. 


TABLE 4-2 SUMMATION OF DOSE (R rad Si?) FOR EXPERIMEN 


RUNS TWO THROUGH Fives 
Experimental Run Voltage of (sem Riad: soi 
Two 2 Orel bo48 no; 
Three 60 4.42x108 
POG 564 4.86ex 10%! 
Five 90 62027 we! 
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Rien Geet See te Rar Ree Ray (4.11) 


becmeors, LO? Erad Si 3 


R Wate sey) dh 


eee pera is the total radiation to which the TIC device 


was exposed over a period of five experimental runs. 


RB. RESULTS GEER Oe revlon 

Figure 4-3 1s a baseline photograph of the v-i 
characteristics of the TIC device. Figure 4-4 1S a 
Binge cograpm of the v-i charecteristics of the TIC device 
eee n » ©xposure to 1.81599x10" {rad 51]. Although the 
emission 1s down due to cathode poisoning the device ic 
exhibiting no characteristics which would indicate damaqde 
euc tO radldadvigmeermetan 4s. 

Figure 4-3 and 4-65 show the square wave rae Ce 
before and after irradiation of experimental run three. 
There 1S no reduction in the TIC device’s ability to 
transmit the square wave input. 

Figure 4—7 1s a photograph taken atter 
experimental run three. The strange humps approximately one 


half way along the emission lines were thought to be dus fo 


radiation damage. After consulting with Los Alamos National 
Laboratoty an attempt was made to filter out any noise wn 
me eteOuvoglt a.c. Circuit. It was determined that the cause 


of the humps was noise feeding through the 120 volt a.e.c. 


=eiiaet 1 ¢ into the Curve tracer. A SOLA inverter-rectifier 
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Figure 4 
run three 


was used to filter out the noise. Figure 4-8 shows a 
Photograph taken after experimental run three using the 
SOLA. Then the strange humps have disappeared and the device 
exhibited normal behavior. 

Figure 4-9 shows the TIC device’s ability to transmit a 
Square wave prior to experimental run “five. Figure 4.10 
shows the TIC device transmitting a square wave after 
experimental run five. The TIC device’s performance 1s 


relatively unaffected even by this large dose of radiation. 


ig STRUCTURAL. FALZURE GF THES DEY fee 

Continued radiation studies on this device could not be 
conducted because a weld on one of the bond straps failed. 
The weld which holds the bond strap to the support pin 
failed (see figure 1-1). The bond straps and shirmns are used 
to maintain the alignment and spacing between the integrated 
Gren 1 t s2 

The broken weld allowed the critical spacing Between the 
substrates to be greater than normal. When the substrates 
changed position the integrated circuits became misaligned 
and the device would no longer fuction properly. 

Pigures wea 4 and 4-12 show the response of the device 
with the broken weld. The respose of the device when 
connected to the Textronix 376 curve tracer shows that the 


device will no longer funetion praeaen 
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Biogure 4-7. V-1 Characteristics without the SOLA 


Umeeerter rectifier 





Figure 4-8 v-1 
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Figure 4-9. Square wave input prior to experimental 
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The broken weld of the bond strap was a structural 
failure. There is no reason to believe or assume that the 


broken weld was caused By radiation damage. 


Fe. PREVIOUS RAG Patt oes trie 


Previous studies have been performed on ice 
triode devices. The earliest tests were conducted at the 
University of Anmb@zonra (US Gite wees C0) ome 77S. The wae 


of A. tests were perormed using a TRIGA reactor capable of 


L100 kw continuous and 750 mw pulsed operation. The triode 
device was GOnmecrnueusl, monitored Siig changes in 
characteristics. When the reactor was pulsed to 750 Mw the 


TIC triode characteristics showed an istantaneous shift 
during the pulse. After the pulse the recovery was almost 
immediate. The total) Mose Rie. o eo wees) «)lCULproduceqd eas 


effect on the device characteristics. 


THiS was tre Only test ri) eee the purpose Oi 
total dose. All other tests were conducted to establish the 
dose rate response rate of the devices. None of the tests 


Produced any long term negative effects aon the TIC triodes. 


ce RADIATION HARDNESS GF 1yrigak tees ee 


Semiconductor integrated Wemectnrommam~e classified Wine 


Viecenne logy . The different milcroeitmemre: technologies and 
their respective hardness 1, total dose (rad om 
radiation damage are shown by figure = 13 CRefs. 


165 17s; and 18] The relative hardness (or the different 
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technologies varies widely. iieawSsroadgd “range of failure 
levels makes comparisons, even within the same family 
tmecherous CRef.191]. TIC devices have withstood total dose 
levels two orders of magqgnatude greater than any other 


PmcecdGateG GiteUlitpmywae. end GOmtinue to function normally. 
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Figure 4-13. Relative hardness of microcircuits 
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VY eee ONCLUSTONS 


Zee oul s OF RADIATION STUDIES 

TIC triode devices have proven to be very "heard" to 
radiation damage. Previous studies have shown bombarding 
neutrons have no long term effect on TIC device operating 
characteristics. The previous study tested TIC devices to a4 
meal Gose (R) of 2@.DxlO* rad Si CRef. 11. 

The low radiation hardness of present day microcircuits 
makes them vulnerable to failure. A total dose of LO 
imac) =| Sl is fatal to the hardest of todays inteqrated 
Sexyecuits. The TIC triode used in this experimental study 
Petemstio jected to a total dose (Reacmi) Of 1.8155x10" rad &1. 
The device continued to function as expected showing no alee 
effects due to radiation damage. The results of this 
experimental study show that TIC integrated circuits are at 
least two orders of magnatude more resistant to radiation 
damage. 

tme electron emission of the device dropped off as 
expected. The decrease in electron emission was not due to 
radiation damage. The sputter etch process used to 
hoor leate the integrated circuitry causes cathode poisoning 
CRef. 4] . New device manufacturing techniques soon to be 


introduced will eliminate this problem. 


a” 


Although the TIC device did eventually fail, the 
failure was not due to radiation damage. The structural 
failure of aweld cannot be attributed to radiation damage 
of the material. However s this failure did cause the 
termination of experiments before radiation failure could be 
determined. The operating circuitry of the device did not 
ge 2a lee TIC devices represent the forefront of a new 
technology. Manufacturing and design problems are to be 
expected from any new technology. The next generation 
technology of TIC devices will eliminate these problems. 

None of todays modern integrated Ellin wiles devices 
can withstand the total dose to which this TIC device was 
subjected and coOmtimue to finet lon. The fact thats eee 
devices require no additional sheilding to operate in such a 
hostile radiation environment “will be the impetus for 
further developement. 

Thuss the present electron radiation experiments and the 
earlier neutron irradiations demonstrate that TIC devices 
Can operate in very high regteavlem en eonmiem eon aan no 
degregation in performance. TIC devices Rave continued Ve 
Function normally after a total dose two orders of magnatude 
Greater than the failure level of other microcircuits. The 
upper limit of total dose which will cause a TIC device to 
fail is still undefined. Additional work in this area should 


be undertaken. 
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Tino On he devices 1s very bright. They should 
and will be used to compliment modern integrated circuitry 


in critical weapons, communications and space systems. 
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Tektronix 7603 Oscilloscope 
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Tektronix 7904 Qscilloscope 
7BSE9D delayed timing base; /7AeS& dual trace 


Ohmite Ohm-Ranger 
resistance range | ohm thru 115,111,110 ohms 


Weller@electronie Soldering, Sreticong 
Tektronix C-SC Oscilloscope Camera 
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